Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
Side-by-side figures of the confluence study area when mainstem discharge is 538 m³/s and LCR discharge is at base flow (6.3 m³/s 
Abstract
Water velocity and temperature are physical variables that affect the growth and survivorship of young-of-year (YOY) fishes. The Little Colorado River, a tributary to the Colorado River in Grand Canyon, is an important spawning ground and warmwater refuge for the endangered humpback chub (Gila cypha) from the colder mainstem Colorado River that is regulated by Glen Canyon Dam. The confluence area of the Little Colorado River and the Colorado River is a site where YOY humpback chub (size 30-90 mm) emerging from the Little Colorado River experience both colder temperatures and higher velocities associated with higher mainstem discharge. We used detailed surveying and mapping techniques in combination with YOY velocity and temperature preferenda (determined from field and lab studies) to compare the areal extent of available habitat for young fishes at the confluence area under four mainstem discharges (227, 368, 504 , and 878 m 3 /s). Comparisons revealed that the areal extent of low-velocity, warm water at the confluence decreased when discharges exceeded 368 m 3 /s. Furthermore, mainstem fluctuations, depending on the rate of upramp, can affect velocity and temperature dynamics in the confluence area within several hours. The amount of daily fluctuations in discharge can result in the loss of approximately 1.8 hectares of habitat favorable to YOY humpback chub. Consequently, flow fluctuations and the accompanying changes in velocity and temperature at the confluence may diminish the recruitment potential of humpback chub that spawn in the tributary stream. This study illustrates the utility of multiple georeferenced data sources to provide critical information related to the influence of the timing and magnitude of discharge from Glen Canyon Dam on potential rearing environment at the confluence area of the Little Colorado River.
Introduction
Glen Canyon Dam and its operations reduce Colorado River temperatures and destabilize shoreline environments for fish (Minckley, 1991; Converse and others, 1998; Vernieu and others, 2005) . Recruitment failure by native fish in the Colorado River in Grand Canyon is attributed to these and other factors (Kaeding and Zimmerman, 1983; Minckley, 1991; Converse and others, 1998; Korman and others, 2004) . Humpback chub (Gila cypha), one of four native fish still found in Grand Canyon, was federally listed as an endangered species on March 11, 1967 (U.S. Federal Register 32:48:4001) , just 21 years after Miller (1946) described it as a new species. Currently, the largest of six remnant populations resides in the Colorado River below Glen Canyon Dam within Grand Canyon National Park ( fig. 1 ) and the lower 14 km of the Little Colorado River (LCR) on Navajo tribal lands, Arizona (U.S. Fish and Wildlife Service, 1990; Douglas and Marsh, 1996; Coggins and Walters, 2009 ). The confluence of these rivers is located 124 km (76 river miles) below Glen Canyon Dam.
Historically, humpback chub spawned, matured, and recruited throughout both rivers in Grand Canyon (Minckley, 1991) , but these activities have been largely curtailed in the Colorado River since its transformation into a regulated tailwater in 1963 (Minkley, 1991; Valdez and Ryel, 1995) . Whereas annual water temperatures ranged from 2 to 26°C at Lees Ferry before Glen Canyon Dam (Stanford and Ward, 1991) , the subsequent hypolimnetic withdrawal from Lake Powell has stabilized the water-temperature fluctuations to a consistently cold 8-12°C at Lees Ferry in most years (Vernieu and others, 2005; Voichick and Wright, 2007) . Water released from Glen Canyon Dam warms as it travels toward Lake Mead, but initial release temperatures and volumes, time of year, and local ambient conditions affect rates of downstream warming (Anderson and Wright, 2007; Wright and others, 2008) . Initial release temperature from Glen Canyon Dam affects water temperatures in the first 150 km of the river more than release volume. The mainstem temperatures are generally 2°C warmer than the initial release temperatures by the time water reaches the LCR confluence area. In most years, Colorado River temperatures do not exceed 14°C near the confluence area of the LCR (Voichick and Wright, 2007) .
Water temperatures below 12°C inhibit spawning, embryonic development, and juvenile growth of humpback chub (Hamman, 1982; Marsh, 1985; Clarkson and Childs, 2000; Robinson and Childs, 2001) . Reduced temperatures and other factors have also been implicated in the decline or extirpation of other endemic, warmwater fish species in the Grand Canyon portion of the Colorado River, such as the Colorado pikeminnow (Ptychocheilus lucius), bonytail chub (Gila elegans), and razorback sucker (Xyrauchen texanus). Furthermore, the ichthyofauna of this reach, near the LCR, is now dominated by nonnative rainbow trout (Oncorhynchus mykiss) and brown trout (Salmo trutta), which thrive under these colder water temperatures and have become substantial competitors and predators of humpback chub, especially the younger life stages of humpback chub (Minckley, 1991; Gloss and Coggins, 2005; Gorman and others, 2005) . Thus, the perpetuation of the Grand Canyon population of humpback chub has become dependent on the lower LCR, where existing river conditions are still thermally conducive for their successful reproduction and ontogenetic development to adulthood Stone and Gorman, 2006) .
Resource managers cannot solely rely on the LCR to safeguard the Grand Canyon humpback chub population from extinction. For example, the adult population experienced an estimated 40-50 percent decline between 1990 and 2000, despite continued reproduction in the LCR (Coggins and others, 2006a; Coggins, 2008; Coggins and Walters, 2009 ). Many adult humpback chub are characterized as potamodromous, undergoing migrations between rivers for spawning purposes . Each spring adult humpback chub from the Colorado River migrate up the LCR and merge with resident adults to spawn . The offspring that recruit to adulthood are primarily those that remain in the LCR to rear and complete the bulk of their ontogenesis (Kaeding and Zimmerman, 1983; Robinson and others, 1998; . Many larval humpback chub (≤29 mm total length (TL)) passively drift or are involuntarily flushed downriver during tributary spates and into the Colorado River, where they are immediately exposed to cold water temperatures. Cold water temperatures (less than 12°C) can induce thermal shock, stifle growth, and make them vulnerable to piscivory (Robinson and others, 1998; Clarkson and Childs, 2000; Gorman and others, 2005) . Although older, post larval young-of-year (YOY) humpback chub (30-90 mm TL) are better developed morphologically and less prone to drift than smaller larval life stages, many individuals still become displaced into the Colorado River during tributary spates, associated with heavy rains, where they are subject to similar deleterious outcomes. Movement out of the LCR by young fish may also be associated with carrying capacity of the LCR (Minkley, 1991; Oberlin and others, 1999; Stone and Gorman, 2006) . In the absence of alternative sources for humpback chub recruitment and because the likelihood of humpback chub surviving in the Colorado River increases for larger sized fish, maximizing the time that YOY remain and grow in the LCR and its confluence area before entering the Colorado River could contribute to increased recruitment for this species.
The LCR confluence area is hydrologically complex because of a large cobble bar island (ca. 6 hectares (ha)) that is situated near the LCR mouth and influences mainstem water circulation and interactions with LCR discharges (fig. 2) . The confluence area is also the last chance for passively drifting YOY humpback chub, or fish being flushed downriver, to find refuge within warmwater, low velocity (less than 0.2 m/s) environments before entering the Colorado River. During periods of time when the LCR discharge is at base flow (6.3 m³/s approximately 7 months/year, Johnson and Sanderson, 1968; U.S. Geological Survey, 2010;  fig. 3 ), the velocity, depth, and total ponded area of the LCR confluence depend directly on the Colorado River's discharge and its interaction with the island (fig. 2 ). The diel discharge fluctuations from Glen Canyon Dam, the mainstem river temperatures, and the temperatures of the LCR can alter the extent of water velocities and temperatures amenable to YOY humpback chub growth and movement at the LCR-island confluence area (Robinson and others, 1998) . Options for ameliorating Glen Canyon Dam effects on the survivorship of young fish entering the Colorado River from the LCR include altering water volume and(or) constraining the daily range of the releases. To gain a better understanding of how Glen Canyon Dam release volumes affect low velocity, warmwater environments at the confluence interface, we georeferenced topographic, bathymetric, velocity, and thermal data measurements to quantify the areal extent of these environments available for postlarval YOY humpback chub (30-90 mm TL) under four Colorado River discharges (227, 368, 538 and 878 m³/s) and the LCR at base flow (6.3 m³/s). The LCR historically remains at base flow for extended periods of time during early growth and development of humpback chub (U.S. Geological Survey, 2010; May-July, fig. 3 ). We focused on older YOY humpback chub because these fish have achieved larger sizes, have increased morphological and sensory capabilities, and are less prone to passive drift than the larval life stages and therefore can actively select habitats.
Study Area
The The LCR empties into the Colorado River from the east as the mainstem flows in a southerly direction ( fig. 2) . At the confluence, there is a large (350 m x 170 m) island that affects the hydraulics of the mainstem and consequently impacts the availability of warmwater, lowvelocity environments. This island is composed of sand, cobble and boulders, is well armored, and does not shift in position. The availability of the confluence's warmwater, low-velocity environments can vary significantly with discharge volume from either river. The south side of the LCR is formed by Tapeats Sandstone ledges that cause abrupt changes in channel topography, while its north side displays boulder-strewn debris slopes with conglomerate outcroppings that can create variable topographies and microhabitats for fish. Channel substrates of the LCR are primarily travertine-encrusted boulders embedded in silt and silty-sand sediments. The east and west banks of the Colorado River are comprised of steep, boulder-laden debris fans and Tapeats Sandstone ledges. The mainstem channel forms a deep (14 m) pool approximately 220 m upstream from the LCR confluence, and then becomes a relatively shallow riffle/pool complex from the confluence to the end of the study area, 680 m downstream. The mainstem channel substrate in this area is primarily boulders and cobbles.
The LCR was once perennial, but now only flows intermittently throughout most of its 573-km corridor (Colton, 1937; Miller, 1946) . It is subject to episodic floods after spring thaws and summer rains that drain the 69,870-km 2 river basin (Colton, 1937) . Perennial flows are maintained in the lower 21 km by spring discharges that cumulatively result in a mean base flow of 6.3 m 3 /s near the mouth (Cooley, 1976) . Temperatures of the lower LCR vary seasonally from 5°C to 25°C, while specific conductance usually remains above 4000 µS/cm, which are values that are three to five times higher than those found in the Colorado River (U.S. Geological Survey, 2010; Voichick and Wright, 2007) . Chute Falls, a travertine dam located 14 km above the confluence, obstructs fishes from moving further upriver (Kaeding and Zimmerman, 1983; Stone and others, 2007) . Before 2003, humpback chub were found in the LCR corridor below Chute Falls, but they were translocated above Chute Falls on August 1, 2003, in order to extend the range of this species (Stone and others, 2007) .
Selection of Measured Discharges
The Colorado River Basin drains one-twelfth of the continental United States. Predam seasonal flow variations were considerable, with median annual discharge recorded at the Lees Ferry gage in Grand Canyon ranging from 141 m³/s in fall-winter months to 2,407 m³/s during peak runoff in the spring-summer months (Topping and others, 2003) . The greatest recorded flood volumes are estimated at 4,813 m³/s in 1921 and 5,947 m³/s in 1884 (Topping and others, 2003) . Since regulation began in 1963, median annual discharge has varied between 268 m³/s and 450 m³/s. In 1996, operational constraints were placed on Glen Canyon Dam and the median annual discharge measured at the U.S. Geological Survey gage at Lees Ferry through the year 2000 was 378 m³/s (Topping and others, 2003) . Discharges from Glen Canyon Dam vary daily to meet the needs of electrical power demand and water delivery, with the greatest volumes released in the summer and winter months (Korman and others, 2004) . Since 1996, the range of the daily fluctuations can be up to 226 m³/s (U.S. Department of the Interior, 1996).
Because of the variable width of the canyon (Schmidt and Graf, 1990) , changes in discharge volume of 226 m³/s per day can translate to as much as a 2-m change in stage elevation in narrower portions and as much as 0.5 m in wider portions of the mainstem (Hazel and others, 2006) . Daily operations from the dam that include 113 m³/hr allowable upramp and 42.5 m³/hr allowable downramp (U.S. Department of the Interior, 1996) can produce significant and often abrupt changes to the availability of warmwater, low-velocity environments along shorelines. At the confluence area with the LCR, daily changes in mainstem volume can force inflows from the LCR from one side of the confluence island to the other. Because mainstem temperatures at the confluence area generally do not exceed 14°C, even in the warmest summer months (Voichick and Wright, 2007) , the flow volume of the mainstem is a critical variable that affects water velocities at the confluence and the routing of warmer temperature water (up to 25°C in June and July; Voichick and Wright, 2007) coming from the LCR. Thus mainstem volumes affect the amount of lowvelocity, warmwater area available for young fish at the LCR confluence.
Based on the operational constraints associated with the Record of Decision (U.S. Department of the Interior, 1996), the discharge volumes of 227, 368, 538, and 878 m³/s were selected to measure velocity and temperature dynamics of the mainstem and LCR at the confluence area. The lowest of these discharges (227 m³/s) approaches the allowable minimum base flow from Glen Canyon Dam during the day and is within the range of fluctuations associated with steady discharges from Glen Canyon Dam. The next discharge, 368 m³/s, is a discharge that approximates the median annual discharge (378 m³/s) since 1996. The discharge of 538 m³/s is the average maximum discharge since 1996. Lastly, 878 m³/s is the maximum discharge available under power operations. Each discharge is a volume that is typically encountered at the study area, and each affects how water from the mainstem and the LCR are routed around the island, thus affecting velocities and temperatures.
Methods

Data Collection
Temperature, velocity, and bathymetric data were collected within the study area to determine available low-velocity, warmwater areas using the growth and swimming criteria of YOY and juvenile humpback chub (Bulkley and others, 1981; Converse and others, 1998; Clarkson and Childs, 2000; Robinson and Childs, 2001) . Each physical parameter was collected independently and, in some cases, over multiple years (table 1) , but a common spatial referencing system was used to merge the data. Specific details of the spatial referencing follow description of the data collection method for each parameter.
Because Glen Canyon Dam operations typically include daily fluctuations, parameters such as temperature had to be measured opportunistically when specific discharges were present at the confluence and when the LCR was not flooding. In the case of the velocity data, a steady flow experiment in the spring and summer of 2000 (Valdez and others, 2000) presented an opportunity to capture data for specific mainstem discharges for the entire study area without interruption. The data sets were merged to determine total available low-velocity, warmwater area at the confluence under the four identified discharges. 
Suitable Habitats of YOY Humpback Chub
To establish suitable depths and velocities for YOY humpback chub (30-90 mm TL) in the LCR confluence, we examined the fish-habitat data from the LCR collected by the U.S. Fish and Wildlife Service and from the literature. The Fish and Wildlife Service conducted 14 sampling trips in the LCR from June 1992 to May 1995, during which biologists deployed unbaited hoop nets at intervals of 3-4 m across the river by fastening them to ropes anchored to opposing stream banks Stone and Gorman, 2006) . They captured a total of 8,373 YOY humpback chub (30-90 mm TL) in 1,438 of the 5,446 hoop nets deployed, at a median depth of 105 cm and median current velocity of 0.180 m/s (U.S. Fish and Wildlife Service, unpub. data). Converse and others (1998) found juvenile chub (105-150 mm TL) associated with velocities of 0.1 m/s in talus shorelines and 0.2 m/s in debris fan, sandbar, and vegetated shorelines. Lastly, Bulkley and others (1981) determined that humpback chub (30-100 mm TL) maintained cruising speeds at 0.1-0.2 m/s and sustained swimming speeds of 0.2-0.4 m/s. On the basis of these data sources, we used depths ≤1 m and velocities ≤0.2 m/s to delineate suitable habitats at the LCR confluence for YOY humpback chub (30-90 mm TL).
Establishment of the lower thermal requirement for YOY humpback chub was based on growth studies done by Bulkley and others (1981) in the lab and by Clarkson and Childs (2000) and Robinson and Childs (2001) in the field. The growth of YOY humpback chub is significantly correlated with increasing water temperature (Clarkson and Childs, 2000; Robinson and Childs, 2001) . Final thermal preferendum for humpback chub was determined to be 24ºC (Bulkley and others, 1981) , but fish growth is measureable when water temperatures range between 14ºC and 20ºC (Clarkson and Childs, 2000) . Using a linear equation of Robinson and Childs (2001) for growth and temperature, we identified a lower thermal limit of 16ºC for acceptable YOY humpback chub growth. At this temperature, YOY humpback chub should grow approximately 0.2 mm/day.
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Temperature Data
The collection of temperature data spanned a 4-year period because of fluctuating dam operations (table 1) . Two approaches for water-temperature data collection were used in this study. In both approaches, data were collected using temperature sensors (Quality Thermistor Inc®, Boise, Idaho) with an associated accuracy of ±0.1°C and thermal range of 0°C to 100°C. First, stationary temperature sensors connected to data loggers were used to pinpoint mainstem discharges that shifted the warmer water of the LCR from one side of the confluence island to the other. Because mean mainstem temperatures from 1990 through 2007 at river kilometer 124 were 10.6±1.7°C standard deviation (Voichick and Wright, 2007) , and daily temperatures did not exceed 13°C during the months of June through August between the years 1996-2000 (table 1; Voichick and Wright, 2007) , temperatures that registered greater than 13°C were presumed to be sourced from the LCR. To collect baseline data at the upstream end of the confluence island, a series of thermistors were placed perpendicular to flow on the river bottom at the upper end of the confluence island. Each thermistor was connected to a data recorder (Campbell Scientific®-CR10) set to record each minute. Five 1-minute readings were averaged and recorded along with a date and time stamp. Temperature readings were correlated with mainstem and LCR discharge by timestamp correlation with pressure transducers and USGS gage data located at river kilometer 123.5 below the dam, approximately 0.5 km upstream of the confluence (fig. 4) .
In order to cover the spatial extent beyond those recorded by the stationary therimistors within the study area, handheld and boat-mounted thermistors were also used. These temperature data points were spatially referenced using a total station data collector. To collect nearshore temperature data in areas where it was shallow enough to wade, thermistors were fastened 0.10 m above the bottom of survey prism poles. Surveyors took measurements on a 5-meter grid running perpendicular to river flows. Grid limits were defined by shoreline and uniform cold-temperature limits (12°C) along the south, west, and north sides of the island. Temperature readings were radioed to the survey instrument operator who entered the readings as attribute information for each position into the total station data collector. To collect temperature in deeper, offshore areas greater than 1 m deep, thermistors were fastened to a 5-m-long prism pole that was sleeve-mounted on the front of a 14-ft motorized raft capable of holding position against river currents. A cluster prism was used on the top of this pole to allow easier tracking and acquisition of distance readings by the total station operator. The boat held position long enough for the thermistor reading to stabilize and for the total station operator to acquire the shot. The temperature reading was radioed to the operator for entry into the total station data collector. Figure 4 illustrates the transect lines where stationary themistors were deployed and the polygon areas where thermal data were collected by wading and by boat sampling. These data were correlated with terrestrial and offshore topography to compile a complete thermal picture over the confluence area for a given mainstem discharge. The flow-matched data files were imported into SpectraPrecision (Westminster, Colo.) TerraModel © v10.3 graphic presentation and analysis software. TerraModel © software uses point data to construct contours with a triangulated irregular network (TIN) models that incorporate splines in its mathematics to create the contours. Contours at 1°C were developed by using the horizontal position of each temperature location as the "X-Y" position and the vertical position within the software equaling the temperature reading for each time stamp. Warmwater areas (between 12°C and 25°C) were contoured and summed for different temperature ranges at each mainstem discharge.
Velocity Data
Steady flow discharges during the summer of 2000 allowed water velocities to be measured throughout the confluence region for four discharge volumes (227, 368, 504, and 878 m 3 /s). The four steady discharges from Glen Canyon Dam were maintained for periods that were long enough (ca. 16 hrs) to collect the entire velocity picture at the confluence study area. The constant discharge eliminated the need for the serial data collection efforts used in the temperature measurement component.
Current velocity data were collected using both hand-held velocity meters and a 3-MHz broadband Acoustic Doppler (ADP) instrument that measures water vector speeds and direction. The ADP had a velocity range of ±10 m/s, resolution of 0.01 m/s, accuracy of 0.05 m/s, and a profiling range of 3-6 m (RiverSurveyor ADP©, Sontek/YSI, Inc., San Diego, Calif.) and was used for areas only accessible by boat (too deep to wade). Positions were referenced to network control using backpack-mounted real-time kinematic global positioning system (RTK GPS) receivers. In areas shallow enough to wade, a hand-held velocity meter was rotated and lifted through the water column (1-m depth) to yield the maximum velocity at each data collection point. The same transect lines that were established for hand-held temperature measurements were used for velocity measurements. Because the intent of the study was to determine velocities greater than 0.2 m/s or less than 0.2 m/s, samples recorded maximum velocities at a point within the sample space. The survey technicians would hold the instrument in position long enough to have stable readings, then record the velocity magnitude as an attribute within the RTK data collector. The time required for a stabilized reading varied by point.
A boat was used in deeper areas, where the RTK GPS and a laptop computer with Coastal Oceanographics' Hypack © software (Middleton, Conn.), was integrated with the ADP. The Hypack © software time tagged the velocity data and assigned each point a discrete position. With this instrument, velocity readings were collected in 0.5-m segments and averaged over the depth of the water column before being recorded to the hard disk of the computer. One-second updates from the RTK GPS system allowed boat velocity to be compensated for in determining current speed and direction.
We used the TerraModel © software package to graphically represent the measured stream velocities in and around the confluence area in order to define suitable habitat availability for YOY humpback chub. Measured mainstem velocities at the LCR confluence ranged from 0 to 4.2 m/sec, depending on discharge rates from Glen Canyon Dam and in the absence of spring runoff or storm spates from the LCR.
Bathymetric Data
Bathymetric data were collected at the confluence area during the Beach Habitat Building Flow in March 1996 (table 1; Webb and others, 1999) . The 1,274-m³/s sustained discharge provided enough water depth (greater than 1.5 m) at the confluence to allow full boat access and sonar measurements in the confluence area. Bathymetric data were collected using Hypack© rangeazimuth and sonar techniques. A boat-mounted, single beam transducer powered by a 200-kHz Marimatech echo sounder with a 2-degree narrow beam and depth of operation to 100 m (Hinnerup, Denmark) was connected to a multiport computer (see Kaplinski and others, 2009 , for more details). Horizontal positions were referenced to network control by way of a radio-linked shore station that sent time-tagged range and azimuth data to the shipboard computer. The Hypack© software combined depth information from the echo sounder with position data in real time (Kaplinski and others, 2009 ). This system allowed for planned track lines and real-time positions and depths to ensure complete river bottom coverage. For the current study, we assumed that the channel and confluence bathymetry had not changed significantly in the 4 years since the sampling occurred in 1996. This assumption was based on the geology of the confluence area, the lack of any mainstem experimental flood events, and the fact that the LCR did not have any substantial flood events in that time period.
Spatial Referencing
A common spatial referencing system was used to merge the temperature, bathymetric, and velocity data. The digital imagery and digital elevation model (DEM), survey control, temperatures, velocities, and bathymetry are referenced to the National Spatial Reference System (NSRS, managed by National Geodetic Survey, National Oceanic and Atmospheric Administration). A base map of the confluence area was created using a mixture of mapping technologies. Aerial digital imagery of the Colorado River Ecosystem was collected by ISTAR Americas, Inc. (Herndon, Va.) in 2002 and used to create a 1-m DEM. Simultaneous, dualfrequency GPS data were collected at the confluence control stations and at published NSRS control stations along the Colorado River canyon rim, and these were combined with networkadjusted total station measurements (for example, correctional errors associated with instrument heights, translated coordinate numbers, or other inconsistencies) to create accurate project control. Conventional total station (range-azimuth) measurements were used to establish higher resolution topographic base data within the vertical operating limits of each river and were substituted for the digital imagery DEM in areas of overlap. The limits for these total station measurements extended from approximately waist-deep in each river to approximately 4 m above each river's water surface. The off-shore bathymetry data were combined with the terrestrial map to create a threedimensional surface of the confluence from the river bottom to approximately 30 m above the rivers, corresponding to the mainstem predam high-water elevation.
The resulting surface model provided the base map, which encompassed the entire stage range for locating results of temperature and velocity measurements. Postprocessing and network adjustment of multiple, independent vectors using Trimble Geomatics Office (Sunnyvale, Calif.) resulted in network accuracies for project control of 2 cm horizontally and 5 cm vertically at 95-percent confidence. DEM accuracy is within 30 cm vertically, and digital imagery accuracy is within 15 cm horizontally (95 percent) at the confluence region.
Results
Physical Parameter Delineation
The use of land survey instruments and techniques worked well to develop accurate, spatially referenced data points for water temperature measurements and for the hand-held velocity measurements. The broad-band ADP experienced extreme noise in the recorded data when transitioning over depths that exceeded a 6-m difference. This may have been a result of the limitations of the instrument and its profiling range, which was 3-6 m. Transitions from low suspended solids and waters low in salinity concentrations from the mainstem to higher values from the LCR also resulted in poor data readings. Exposing the ADP to relatively turbulent flows, found over much of the mainstem within the study area, also resulted in noisy data. As a result, much of the broad-band ADP data were unusable. The hand-held velocity meter was used to supplement noisy doppler instrument readings where large expanses of river did not have clear doppler readings. Because this study was focused on defined velocity and temperature parameters, the velocity data reported here are only those that are ≤0.2 m/s and ≤1 m in depth, represented by polygon areas in figure 4.
Available Ponded Area
Polygon areas of suitable velocity and temperatures are identified separately for each measured discharge (figs. 5-7). Color banding and 1°C contours were used to display specific temperature ranges found within the confluence area. Because the mainstem water temperatures remain below the 16°C limit during most times of the year, the amount of available low-velocity area was greater than the amount of available low-velocity, warmwater area (table 2) .
At mainstem discharge of 227 m³/s, 0.20 ha of slow, warmwater environments are available and restricted to the LCR and a thin stream of warm LCR current running along the north side of the island (figs. 5A,B; table 2). Most of the warm current stream exceeds the YOY velocity tolerance of 0.2 m/sec ( fig. 5A ). The channel running along the south or "left" side of the island is virtually dry at this mainstem river stage.
The availability of low-velocity areas increases from 1.12 hectare (ha) to 1.79 ha (table 2) at mainstem discharges of 368 m³/s, and the area of low-velocity, warm water increases by more than 500 percent from 0.20 ha to 1.23 ha (table 2, figs. 6A,B). The downstream interface of the south channel with the mainstem also creates a region of low velocity (0.2 m/s) that can provide YOY with the opportunity to swim back into the warmer LCR and avoid the colder and faster mainstem currents (figs. 6A,B). At this mainstem discharge a warmwater stream runs along the north side of the island, though most of this stream has velocities above the 0.2-m/s tolerance limit for YOY humpback chub (figs. 6A,B). Table 2 . Available low-velocity (0.2 m/s) area and low-velocity, warmwater area (0.2 m/s, ≥16°C) associated with four mainstem discharges at the Little Colorado River confluence.
[Also shown are positive and negative changes in area (ha, and percent change) in low-velocity and low-velocity warm water for a discharge, as well as changes in low velocity, warmwater areas between discharges. Area is reported in hectares (ha Mainstem discharges greater than 368 m³/s force LCR base flows to back up further into the LCR mouth, eventually eliminating all LCR flow around the right (north) side of the island. Temperature data from the stationary thermistors and waded perimeter established that the warmwater plume of LCR water that flows around the right (north) side of the island is available at discharges as high as approximately 396 m³/s (F.R. Protiva, unpublished data). Velocities along this plume exceeded the velocity criteria used for YOY chub in this study. At this discharge (396 m³/s), there is a sharp transitional velocity boundary that corresponds to warm (18°C) and cold environments (12°C) (F.R. Protiva, unpublished data), which is also apparent at the 538 m³/s discharge ( figs. 7A,B) . At the mainstem discharge of 538 m³/s, colder mainstem water flows around the upper end of the island, encroaches on the ponded areas, and flows through the south channel ( fig. 7A ). The change in mainstem flow around the island results in a 98-percent reduction in available warmwater, low-velocity area from 1.23 ha to 0.02 ha (table 2, figs. 7A,B). When discharges reach maximum power-plant capacity of 878 m³/s, there are no longer any low-velocity, warm areas at the confluence and the only areas that meet low-velocity, warmwater criteria are in the LCR. 
Discussion
Altering the pattern and timing of dam releases is a primary mechanism available to resource managers to remedy habitat loss in regulated rivers (Poff and others, 1997; Webb and others, 1999; Patten and Stevens, 2001; Poff and others, 2010) . The Biological Opinion for endangered humpback chub in Grand Canyon (U.S. Fish and Wildlife Service, 1995) required the U.S. Bureau of Reclamation to implement a series of experimental flows from Glen Canyon Dam to benefit native fish species. An operational hydrograph that included spring releases up to powerplant capacity (878 m³/s) and low, steady summer flows (226 m³/s) was implemented in the year 2000 (Valdez and others, 2000) . A hypothesis associated with this hydrograph was that high, sustained discharges in the spring would result in tributary ponding that would elicit prespawning staging and create low-velocity, warmer temperature environments for emerging YOY. This hypothesis was based on the assumption that predam high flows in spring possibly served as a cue for fish spawning (Robinson and others, 1998; Valdez and Hoffnagle, 1999) . By returning a sustained high discharge to the annual hydrograph, Valdez and others (2000) hypothesized that YOY retention and subsequent recruitment might be greater compared to years in which tributaries were not ponded.
Before regulation, discharge data indicate spring ponding associated with mainstem discharges that averaged 2,407 m 3 /s (Topping and others, 2003) could encompass several hectares at the LCR confluence and upstream into the LCR (Howard and Dolan, 1981) . Measurements made from photographs of high-water elevations from a 1983 Glen Canyon Dam spillway discharge event (2,605 m 3 /s) estimated a warmwater pool area of 3.7 ha (F.R. Protiva, unpublished data). But these discharges exceed power plant capacity (878 m³/s) by 196 percent and cannot be achieved under regulation except in emergency spill situations. The results from the current study suggest that sustained releases that are less than 400 m³/s support low-velocity, warmwater areas at the confluence area, while greater discharges, including those implemented in May 2000 (for example, 878 m³/s; Valdez and others, 2000) result in a reduction of these areas at the confluence. Higher discharges also increased the extent of colder water temperatures at the mouth of the LCR because the mainstem temperatures in the spring remain at or below 12°C, particularly with high-volume discharges (table 1; Voichick and Wright, 2007) . Korman and others (2004) identified similar patterns of reduced low-velocity shoreline areas downstream of the LCR with increasing mainstem discharges. They concluded that the greatest areas of low-velocity shoreline were associated with discharges greater than 226 m³/s and less than 424 m³/s. Korman and others (2004) did not incorporate temperature into these identified environments. Our study and Korman and others (2004) concluded that the variables of geomorphic features (for example, debris fans, talus slopes) and mainstem discharges most affect availability of low-velocity environments. At the confluence area, because the mainstem water temperature rarely exceeds LCR water temperatures in the months of June-August (Voichick and Wright, 2007) , the discharge volume of the mainstem affects the direction around the confluence island that the warmer water from the LCR is routed, and it affects the availability of low-velocity, warmwater area. Under operations that increase mainstem temperatures (for example, reduced reservoir elevations, Voichick and Wright, 2007) , and in association with discharges less than 400 m³/s, warmer, low-velocity area at the confluence ( fig. 6A, table 2 ) and at downstream sites that Korman and others (2004) identified would increase. Young fish may use these low-velocity areas even in the absence of warm water to reduce energetic demand associated with maintaining position, and may also use areas along boundary layers near the bottom of the measured channels or behind rocks that this study did not measure.
The daily effect of fluctuations of the Colorado River, which can include a 226-m³/s change in discharge, can significantly decrease the area of available low-velocity, warm water at the confluence. For example, an initial discharge of 226 m³/s that is increased to 452 m³/s in a day will maximize available low-velocity, warmwater areas at the confluence to 1.2 ha when discharge reaches 368 m³/s (table 2), but an overall decrease in available area will eventually result as discharge volume exceeds 400 m³/s (table 2, fig. 7 ). Juvenile and YOY humpback chub occupying areas in the lower portion of the confluence would be subjected to thermal shock when the colder mainstem waters enter this area, reducing their ability to swim upstream through the high-velocity zones to the rearing and nursery environments of the LCR. These fish could be lost as drift and become easy prey for nonnative predators (Johnson and Carothers, 1987; Gorman and others, 2005; Gloss and Coggins, 2005) . Daily repetition of flow variation, as described, sets the stage for a potential daily depredation of YOY and juveniles in the mainstem. In contrast, discharges that change in volume by half the daily maximum (113 m³/s) with initial discharge of 226 m³/s would result in a net increase in suitable area over the course of the day from 0.2 ha to approaching 1.2 ha (table 2, fig. 6 ). Although this study has identified potential habitat, studies that assessed this operational affect on the movement of YOY fishes and density-dependent factors affecting growth and survival in these potential habitats would provide a more complete understanding of the mainstem and LCR dynamics and native fish recruitment.
At the time that these data were collected, the Secretary of the Interior had approved the implementation of two large-scale experimental resource management flows that mimicked, to some extent, predam hydrology and were designed to benefit targeted resources. The controlled flood in 1996 (Webb and others, 1999; Patten and Stevens, 2001 ) primarily focused on sediment dynamics, sediment conservation, and habitat restoration. The hydrograph in the spring and summer of 2000 was intended to benefit native fish, particularly humpback chub, by stabilizing habitat and consequently increase YOY survivorship (Gloss and Coggins, 2005; Melis and others, 2006) . Both of these experiments were of short duration relative to the predam hydrograph and biological response time: 1 week in spring 1996, and several months in spring and summer 2000. The duration of ponding at 878 m³/s discharge lasted for 4 days in April 2000. Because spawning by native fish can take place over the course of 2 months , it seems unlikely that a ponded area available for 4 days would result in increased spawning and spawning success.
In contrast, the sustained discharge of 226 m 3 /s that lasted for 3 months from June through August 2000 may have provided a stable habitat for YOY humpback chub emerging from the LCR that led to the increased recruitment modeled by Coggins and Walters (2009) . Long-term mark recapture monitoring of humpback chub (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) indicate that the population is stabilizing from a decadal decline (Melis and others, 2006; Coggins and Walters, 2009 ). However, because of smearing among cohort years resulting from aging techniques that use fish length (Coggins and others, 2006b) , it cannot be definitively said that survivorship increased as a result of the lower steady discharges. Subsequent mainstem warming associated with low reservoir elevations (Vernieu and others, 2005; Voichick and Wright, 2007) and predator removal initiated in 2003 (Gloss and Coggins, 2005 ) also contributed to survivorship and recruitment signal and preclude determining which variable had a greater effect on improving recruitment.
Furthermore, there is uncertainty about how changes in habitat availability, primarily depth and velocity variables, influences population dynamics. Although we identify low-velocity warm areas at low discharges, it may be the persistence of temperature or discharge variables that is important (Freeman and others, 2001; McKinney and others, 2001; Korman and Campana, 2009 ). Freeman and others (2001) compared regulated and unregulated portions of the Tallapoosa River that runs from Georgia and into Alabama. They determined that higher YOY abundance in the regulated portion was correlated with the presence of persistent habitat instead of with habitat availability or the amount of fluctuations in discharge. In the Lees Ferry reach of the Colorado River, Korman and Campana (2009) determined that extreme changes in discharge (for example, discharges that changed overnight from a June-August base flow of 339 m³/s to a September base flow of 226 m³/s) negatively affected YOY rainbow trout survival because the stage of minimum daily discharge changed quickly. McKinney and others (2001) showed that the increased minimum flows from Glen Canyon Dam in Lees Ferry that started in 1996 (U.S Department of the Interior, 1996) provided persistent spawning grounds for rainbow trout, improved spawning success, and contributed to increased recruitment to the adult rainbow trout population. Although we determine that potential YOY humpback chub habitat increases and decreases at the confluence under variable mainstem discharges, uncertainty remains about factors that limit recruitment in native fish in the Colorado River with respect to habitat availability and persistent habitat, as well as other factors such as competition and predation.
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The spatial referencing of several environmental variables used in this investigation was critical to understanding the dynamic nature of the confluence area and the implications for potential YOY humpback chub habitat under different discharge volumes. Utilization of modern survey technology with adequate spatial control allowed the combination of physical data collected over several years (table 1) to be layered together to provide a reliable surface model of changes in the aquatic environment. Moreover, the results of these investigations are in a format conducive to GIS analysis with other information layers for multidisciplinary analysis, and they can be combined with radiotelemetry and substrate data for further habitat analysis. Spatial referencing that uses nationally accepted standards (for example, National Geodetic Survey and National Spatial Reference System) provides a locally and globally consistent framework for successful resource dataset integration and modeling.
Management Implications
Spatially referenced environmental datasets can be used to exclude experimental management scenarios that may provide little biological advantage to one resource and prove more costly to another resource. For restoration success, both the life history of the species that is the focus of restoration and the limitations of the potentially affected resource (for example, power generation) need to be considered. For example, during the summer, hydropower demands in the Southwestern United States conflict with fish-habitat restoration efforts below Glen Canyon Dam. Hydropower generation in summer (June-August) relies on fluctuating dam releases that result in release volumes that exceed the habitat preferences of YOY native fish along shorelines (Korman and others, 2004) .Mortality rates for long-lived species, like humpback chub, are highest at emergence and taper off over the life of the organism (Douglas and Marsh, 1996) . Mortality factors for fish include predation, disease, and other selection pressures. For the humpback chub in Grand Canyon, sustained high releases that target spawning cues and emergent life-history stages, such as those implemented in the spring 2000 (Valdez and others, 2000) , may be less effective at increasing recruitment success than lower discharges that target YOYs and juveniles that emerge from the LCR in the later summer months. The results presented here and by Korman and others (2004) also indicate that under moderate daily fluctuations (113 m³/s), low-velocity, warmwater areas increase with increasing discharges when mainstem discharge starts at 226 m³/s. This information provides an additional variable to consider when developing plans around dam operations and resource tradeoffs.
Focusing on one or two variables, such as discharge magnitude and(or) duration, in attempts to mimic historical hydrology and meet the needs of species recovery or habitat restoration is problematic and potentially unrealistic. The magnitudes of discharges available under regulation are often less than 50 percent of the historical values, if not significantly less (Turner and Karpiscak, 1980; Topping and others, 2003) , and the duration of a discharge has changed from months to days or hours. Adaptive management programs that embrace multiple management strategies may be more effective in eliciting positive responses by the target species or resource. Since the 2000 experiment, the Glen Canyon Dam Adaptive Management Program has incorporated predator control (Gloss and Coggins, 2005; Coggins, 2008) , used short-duration, highmagnitude discharges to affect predator recruitment and improve shoreline habitat (Grams and others, 2010; Korman and others, 2010) , and implemented two-month steady flow releases in the months of September and October since 2008 (U.S. Fish and Wildlife Service, 2008) . Since 2000, one or more of these measures appear to have contributed to stabilizing recruitment in humpback chub (Coggins and Walters, 2009 ). The coincident regional drought and reduced reservoir 20 elevations associated with increased mainstem discharge temperatures may have also contributed to a stabilized pattern of native fish recruitment.
